Balanced charge injection in polymer light-emitting devices is very important for high brightness and quantum efficiency. To improve the well-known light-emitting electrochemical cells ͑LECs͒, we fabricated multilayer electroluminescent devices employing an ammonium salt-containing poly͑ethylene oxide͒ blend as hole-or electron-injecting materials. The charge injection can be greatly promoted due to the ionic space charges near both electrodes. The current-voltage-optical output characteristics of the triple-layer device using both the hole-and the electron-injecting layers are very similar to the well-known LEC devices. We obtained high quantum efficiencies of 0.9% and 1.5% photons/electron in forward-and reverse-bias field of the triple-layer device, respectively.
Balanced charge injection in polymer light-emitting devices is very important for high brightness and quantum efficiency. To improve the well-known light-emitting electrochemical cells ͑LECs͒, we fabricated multilayer electroluminescent devices employing an ammonium salt-containing poly͑ethylene oxide͒ blend as hole-or electron-injecting materials. The charge injection can be greatly promoted due to the ionic space charges near both electrodes. The current-voltage-optical output characteristics of the triple-layer device using both the hole-and the electron-injecting layers are very similar to the well-known LEC devices. We obtained high quantum efficiencies of 0.9% and 1.5% photons/electron in forward-and reverse-bias field of the triple-layer device, respectively. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1490635͔ Light-emitting diodes ͑LEDs͒ based on conjugated polymers have been extensively studied due to their potential for use in flat panel displays.
1,2 The LED performance, both light output and efficiency, is critically dependent on the balanced injection of charge carriers, which can be obtained by promoting either the charge injecting ability [3] [4] [5] [6] or the charge confinement 7 for bipolar recombination. Electron injecting or transporting materials has been utilized to achieve a balanced charge injection in polymer LEDs promoting the charge injecting ability. [3] [4] [5] [6] However, typical solvents such as chloroform, dichloroethane, and xylene dissolve most electroluminescent ͑EL͒ polymers so that it is difficult to fabricate multilayer EL devices solely from polymers. On the other hand, it has been reported that the incorporation of ionic species in polymer light-emitting devices greatly enhances the light intensity and luminous efficiency. [8] [9] [10] [11] Heeger's group reported light-emitting electrochemical cells ͑LECs͒ whose emitting material is blended with biionic conducting material such as a complex of poly ͑ethyl-ene oxide͒ ͑PEO͒ and lithium salt. It gave high brightness and high efficiency irrespective of the charge injecting electrodes. 10, 11 They stated that the LECs form in situ a p -n junction within the active layer and perform radiative recombination of p-and n-type carriers within the compensated p -n junction. 10 However, the structure of the junction is quite different from that of a conventional p -n junction 12 and the LEC mechanism is disputable. [10] [11] [12] [13] [14] [15] The response time of the LEC device is longer than usual LED devices because it depends on the ionic conductivity of the solid electrolyte rather than electronic conduction. 16 Furthermore, there could exist some degree of phase separation between the emitting polymer and the bi-ionic conducting materials; thus it would be somewhat difficult to obtain a neat film.
In this work, we sought to design multilayered polymer EL devices as an alternative to LECs, in which the blends of PEO and salts are separately deposited on the top or bottom of the emitting material. Instead of blending with the emitting material, the mobile ions to play a key role in improvement of the charge injection are separately located near both the electrodes in the structure of a sandwiched multilayer device. This way the problem of phase separation of the emitting materials can be avoided. We obtained high brightness and efficiency in EL devices of emissive poly ͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylenevinylene͔ ͑MEH-PPV͒ by employing organic salt-doped PEO as a charge injecting material.
In this study, we used tetra-n-butylammonium tetrafluoroborate (TBABF 4 ) as an organic salt. PEO is highly soluble in solvents of MEH-PPV making it difficult for use as a hole-injecting material. Poly ͑p-phenylene vinylene͒ ͑PPV͒ precursor was blended with PEO and TBABF 4 in the 5:5:2 weight ratio of PPV:PEO:TBABF 4 to make an insoluble film after thermal conversion. We fabricated several kinds of polymer light-emitting devices composed of poly͑styrene sulfonate͒-doped poly͑3,4-ethylene dioxythiophene͒ ͑PE-DOT͒, MEH-PPV, and PEO blends with TBABF 4 ͑hereafter, PEOϩTBABF 4 ͒ to investigate the electron-injecting property of the ion-containing material. Fifty-nm-thick PEDOT was spin-coated on indium tin oxide ͑ITO͒ coated glass substrates. The film was then heat-treated in vacuum oven at 150°C for 20 min. One hundred-nm-thick MEH-PPV, dissolved in chlorobenzene, was spin-coated on top of the PEDOT layer. After baking the polymers at 90°C for 1 h, three different materials: ͑i͒ a blend of 20 mg PEO and 4 mg TBABF 4 rated in vacuo under a pressure of about 7ϫ10 Ϫ7 Torr. The emitting area of the device was 4.5 mm 2 . The EL output was measured with a photodiode connected to an optical power meter. Figure 1 shows the current versus the electric field of the polymer light-emitting device of an ITO/MEH-PPV/PEO ϩTBABF 4 /Al structure. When the current level is compared at the same electric field, the ITO/MEH-PPV/PEO ϩTBABF 4 /Al device shows a higher value than that of ITO/ MEH-PPV/Al device and the ITO/MEH-PPV/PEO/Al shows the lowest. This fact indicates that the ionic blend material enhances the electron injection. On the other hand, PEO is an electrically insulating material so that it blocks the electron injection. Therefore, the organic salt can be a major key for the improved electron injection. It can be seen that the ITO/MEH-PPV/PEO(5)ϩTBABF 4 (2)/Al device shows higher current level than that of the ITO/MEH-PPV/PEO(5)ϩTBABF 4 (1)/Al device, which implies that the amount of the organic ammonium salts should be a critical factor to improve the charge injection.
Enhanced electron injection in the device with ionic material is induced by uncompensated ionic charge accumulation near the cathode as reported elsewhere. 13, 14 Pei et al. suggested that an electrochemical doping process resulted in the formation of oxidized and reduced chains of PPV that were electrically compensated by nearby counter ions. 10 They referred to the mobile ions containing devices as lightemitting electrochemical cells. However, deMello et al. thought that the notion may be misleading and suggested an electrodynamic model for the device operations in Refs. 13 and 14. In their articles, they explained that the accumulation of ionic space charges in the vicinity of the electrodes gives rise to large electric fields that reduce the widths of the barriers to electronic carrier injection. In our work, we also attribute the largely enhanced EL efficiency of our devices to the ionic space charge accumulation that reduces the effective barrier for carrier's injection and thus induces more electronic charges.
The mechanism for enhancing charge carrier injection for the devices is essentially the same as that of the devices using ionomers 17, 18 or dipole-adsorption layer 19, 20 since it follows the simple electrostatic equation. An obvious difference is that the ions of the ammonium salts are mobile under electric fields. They move closely to the electrodes and form a stronger ionic space charge field or dipole moments thus lowering the effective charge injection barrier. Another major difference may be that, in the case of the ionic blend-based multilayer device, the density of accumulated ions varies dynamically according to the magnitude of the applied bias.
The optical output of the ITO/PEDOT/MEH-PPV/ PEO͑5͒ϩTBABF 4 ͑2͒/Al device is highest as shown in Fig.  2 . We obtained maximum external quantum efficiency ͑QE͒ of 0.43% photons/electron at 60 A and 0.26% photons/ electron at 634 A in the positively biased ITO/MEH-PPV/PEO(5)ϩTBABF 4 (1)/Al and ITO/MEH-PPV/PEO(5)ϩTBABF 4 (1)/Al, respectively. But the QE of the ITO/PEDOT/MEH-PPV/PEO(5)ϩTBABF 4 (2)/Al device in the current range above 0.5 mA is higher than that of the ITO/MEH-PPV/PEO(5)ϩTBABF 4 (1)/Al device.
Next, we fabricated a triple-layer device using the blend of PPV, PEO, and TBABF 4 ͑hereafter, PPVϩPEO ϩTBABF 4 ͒ as a hole injecting material instead of PEDOT. Figure 3 shows the optical output versus electric field characteristics in the ITO/PPVϩPEOϩTBABF 4 /MEH-PPV/ PEO(5)ϩTBABF 4 (1)/Al. The maximum optical output of the triple-layer device was hugely improved, compared with the ITO/PEDOT/MEH-PPV/PEO(5)ϩTBABF 4 (2)/Al as well as ITO/PEDOT/MEH-PPV/PEO(5)ϩTBABF 4 (1)/Al, which implies that the PPVϩPEOϩTBABF 4 blend plays a role in improving the hole injection from the ITO. Therefore, we can say that the PPVϩPEOϩTBABF 4 blend can be one of the candidates for an excellent hole injecting and buffer layer to improve the device efficiency. On the other hand, it can be seen that the optical output in reverse bias operation is similar to or slightly higher than that in forward bias operation. The symmetric optical output-electric field characteristic is a phenomenon that has been generally observed in LEC devices. Therefore, we have demonstrated the same characteristics as the LEC shows by fabricating a multilayer device without blending the emitting material with PEO and salts. Finally, we obtained QEs of 0.93% and 1.5% photons/ electron in forward and reverse bias operation, respectively. At this stage, we have not optimized QE by regulating the blend ratio.
In summary, we fabricated EL devices employing ammonium salt-containing PEO blend. The ionic blends showed excellent charge injection ability so that they can be employed as hole-or electron-injecting materials. The triplelayer devices showed highly improved optical output and EL efficiency compared with the single-and double-layer devices. This can be attributed to balanced charge injection assisted by hole-and electron injecting layers. The currentvoltage-optical output characteristics are very similar to the well-known LEC devices. Therefore, we cay say that this device may be a new way to improve the LEC devices.
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